Symmetry plays a fundamental role in understanding complex quantum matters, in particular, in classifying topological quantum phases which have attracted great interests in the recent decade. An outstanding example is the time-reversal invariant topological insulator, a symmetry-protected topological (SPT) phase in symplectic class of the Altland-Zirnbauer classification. Here, we report the first observation for ultracold atoms of a new SPT phase in a one-dimensional optical lattice, and study quench dynamics between topologically distinct phases. The observed SPT phase is protected by a magnetic group and a nonlocal chiral symmetry, with its topology being measured via Bloch states at symmetric momenta. The topology also resides in far-from-equilibrium spin dynamics, which are predicted and observed in experiment to exhibit qualitatively distinct behaviors in quenching to trivial and nontrivial phases, revealing a deep topology-dependent spin relaxation dynamics. This work opens the way to expanding the scope of SPT phases with ultracold atoms and studying non-1 arXiv:1706.00768v3 [cond-mat.quant-gas] 29 Aug 2018 equilibrium quantum dynamics in such exotic phases.
equilibrium quantum dynamics in such exotic phases.
Introduction
The discovery of the quantum Hall effect in a two-dimensional (2D) electron gas 1, 2 brought about a new fundamental concept, topological quantum phase whose characterization is beyond Landau symmetry-breaking theory, to condensed-matter physics 3 . Recent extensive studies have generated two broad categories of topological matter, the topologically ordered phases [4] [5] [6] and symmetry-protected topological (SPT) phases 7, 8, 10, S3 , which exhibit long-range and short-range quantum entanglement, respectively. Unlike topological orders which are robust against any local perturbations, a SPT phase with a bulk gap has gapless or degenerate boundary modes that are only robust against local perturbations respecting the given symmetries. The earliest examples of SPT phases include the one-dimensional (1D) Su-Schrieffer-Heeger (SSH) model for fermions 11 and spin-1 antiferromagnetic chain for bosons 12 . The search for new SPT phases has been greatly revived in the recent decade due to the groundbreaking discovery of time-reversal invariant topological insulators in 2D and 3D materials, which exhibit symmetry-protected helical edge or surface modes in the boundary and are characterized by a Z 2 invariant 13, 14 . The topological insulators also inspired generalizations to the SPT phases arising from spatial symmetries, in unconventional superconductors and superfluids 15 .
Despite the broad classes of SPT phases predicted in theory, only a small portion of such phases have been observed in experiment. In comparison with solid state materials, the ultracold atoms are extremely clean systems which can provide controllable platforms in exploring new SPT phases, with many theoretical schemes having been proposed 17, 18, S1 . To date, some novel topological features of the SSH model have been probed in experiments with ultracold bosons 19, 20 , while the realization of a SPT phase, which has to be in a fermionic system for a noninteracting phase, is not available. Here we propose and realize for the first time a new SPT phase for ultracold fermions which is beyond particle-hole or chiral symmetry protection as usually required in Altland-Zirnbauer (AZ) classification of 1D states 15, S2 . We measure the topology via Bloch states at symmetric momenta 22 and the quench dynamics, and unveil a deep topology-dependent mechanism for the spin relaxation in this SPT phase.
Symmetry-protected topological phases
We start with the Hamiltonian for spin-1/2 ultracold fermions trapped in a 1D optical Raman lattice potential (Fig. 1a) , whose realization in experiment will be presented later:
Here p 2 x /2m is the kinetic energy for motion in x-direction,1 is a two-by-two unit matrix, σ x,y,z are Pauli matrices in spin space, V latt ↑,↓ (x) = V ↑,↓ cos 2 (k 0 x) denote the 1D optical lattice potentials for spin | ↑, ↓ states, respectively, with V ↑,↓ being the lattice depths and k 0 = π/a (a is the lattice constant), the Raman lattice potential M(x) = M 0 cos(k 0 x) with amplitude M 0 , and δ denotes the two-photon detuning of Raman coupling.
The Hamiltonian (1) realizes novel topological phases protected by symmetries. With the lattice potential V latt ↑,↓ (x) the spin-conserved hopping (t ↑,↓ ) is induced, while the Raman potential M(x) accounts for the hopping (t so ) that flips atomic spin (Fig. 1a) . The Bloch Hamiltonian for the lowest s-band physics can be obtained by 23 H( m) = −2t 0 cos q x aσ z + 2t so sin q x aσ y + m · σ + 2t 1 cos q x a1, where we take m = (m x , m y , m z ) for a generic study, q x is Bloch quasimomentum, and the hopping coefficients t 0/1 = (t ↑ ± t ↓ )/2. It is known that the Hamiltonian H with m x = 0 exhibits a chiral symmetry defined by σ x Hσ x = −H in the spin-independent lattice regime V latt ↑ = V latt ↓ , which gives t ↑ = t ↓ , and belongs to the AIII class according to the AZ classification S1, S2 . The topology of such AIII class phase is quantified by an integer winding number (Z) in the single particle regime, pictorially characterized by the circles that spin of Bloch states winds over the first brillouin zone (FBZ), and determines the number of midgap end states due to bulk-boundary correspondence. Furthermore, in the interacting regime, it was shown that the topology of the 1D AIII class topological insulator is reduced from Z to Z 4 S1 , which is closely related to the Fidkowski-Kitaev Z 8 -classification of 1D interacting Majorana chains of BDI class 24 . The AIII class topological insulator has not been studied previously in experiment.
The striking result is that a new topological phase can be achieved beyond the chiral symmetry protection when the lattice V latt ↑,↓ and t ↑,↓ are spin-dependent, in which regime no chiral symmetry preserves and the bulk energy spectrum is asymmetric. From the numerical results in Fig. 1b one finds that the midgap and degenerate end states are obtained for m = m yêy and m = m zêz , respectively, while only a nonzero m x term splits out the degeneracy. The existence of midgap or degenerate end states manifests new SPT phases, as shown below. We consider first the case with m = 0. One can verify that H( m = 0) satisfies a magnetic group symmetry defined as the product of time-reversal and mirror symmetries 23 , giving
where K is complex conjugate and R x denotes the spatial reflection along x axis. Besides, the Hamiltonian also satisfies a nonlocal chiral symmetry defined as
where breaks M x symmetry and splits out the degeneracy, leading to the end state spectra in Fig. 1b . In the experiment a nonzero m z term can be easily engineered by manipulating the two-photon detuning δ of the Raman coupling. In this regime the magnetic group ensures that Bloch states at the two symmetric momenta {Λ j } = {Γ(q x = 0), M (q x = π/a)} are eigenstates of σ z , having spin polarization P (Λ j ) = ±1, with which a Z 2 invariant 22 (−1) ν = Π j sgn[P (Λ j )] can be introduced to characterize the band topology. The topologically nontrivial (trivial) phase corresponds to ν = 1 (0). Fig. 1c shows the spin texture with different parameter conditions, from which the Z 2 invariant can be read out directly, and Fig. 1d presents the phase diagram versus δ.
Quench dynamics
We examine the spin dynamics after a quench from one SPT phase to another. The quench is performed by ramping suddenly the two-photon detuning from δ i to δ f , with δ i and δ f corresponding to two topologically distinct regimes. The quantum dynamics is captured by the time-dependent density matrix ρ(t), which satisfies the Lindblad master equation 25, 26 
where γ denotes the noise-induced decay rate and L is the Lindblad operator characterizing effects of the environment. For a real ultracold atom system, we consider an external trapping potential for the study and the Hamiltonian H = H + V trap , with V trap (x) = 1 2 mω 2 x x 2 and ω x being the trapping frequency. The sharp contrast between topological and trivial phases is that the spin of Bloch states over FBZ winds over all direction in y-z plane in the former case, while is polarized to +z (or −z) direction in the latter (Fig. 1c ). This feature accounts for different fundamental mechanisms governing the quench spin dynamics, as given below.
We consider first the case without dissipation (γ = 0). In this regime the time-evolution is unitary, and the spin dynamics are governed by the following two quantum processes, namely, the interband transition at each quasi momentum q x due to nonequilibrium population after quench, and the intraband transition induced by trapping potential between Bloch states of different momenta. The numerical simulation of the spin dynamics at Γ and M points are shown in Fig. 2a and Fig. 2b for quench to topological (δ f = 0.7E r ) and trivial (δ f = 2.0E r ) phases, respectively.
In both cases, the spin dynamics exhibit a fast oscillation due to interband transitions, with the oscillation frequency determined by the local band gap at Γ and M points. However, the spin dynamics for quench to topological phase exhibit also a slower spin-wave like collective oscillation associated with a fast decay in the very beginning stage, which is absent in the quench to trivial phase. This novel behavior is a consequence of the topological spin texture or spin-orbit fields in momentum space 23 . In the topological regime, the intraband transitions induced by trap-ping potential randomize the fast oscillation caused by interband transitions due to the strongly momentum-dependent spin-orbit fields, leading to a fast decay in the very beginning and leaving only a collective oscillation governed by the trapping potential. Instead, in the trivial regime, all the spin states and spin-orbit fields of FBZ approximately point to the +z (or −z) direction. Thus the trapping-induced intraband transitions have negligible effect on the spin oscillation.
We further show in Fig. 2c ,d the quench dynamics with dissipation, as captured by the nonunitary part of Eq. (2). For quench to the trivial phase, since the spin dynamics are dominated by the interband oscillations, the dissipation mainly results from the decay of the excited bands. In comparison, for quench to the topological phase, the dissipation mainly describes a spin dephasing of the collective oscillation induced by trapping. The Lindblad operator L then takes the form L = ( σ x + i σ y )/2 (for decay) and L = σ z (for dephasing), respectively, and the latter effect is typically much weaker than the former 26 . Here σ x,y,z denote the Pauli matrices in the eigenbasis of the post-quench Hamiltonian H(δ f ) + V trap . The numerical simulation shows that the quench dynamics from trivial to topological regime resembles the one without dissipation except for a small decay in the amplitude of collective oscillation, followed by a quick interband balance in the very beginning (Fig. 2c) , while the dynamics in the other way round renders a pure decay from initial state to the final equilibrium phase (Fig. 2d ). With these results we draw a novel conclusion that the dissipation and trapping potential have dominant (weak) effects on the spin dynamics with quench to trivial (topological) and topological (trivial) phases, respectively, due to the topological and trivial spin textures of the final SPT phase, as observed in the present experiment.
Experimental Result
Optical Raman lattices for ytterbium atoms To realize the Hamiltonian (1) in experiment, we utilize a 1D optical lattice dressed by a periodic Raman coupling potential, making up a so-called optical Raman lattice 27, S1 . The optical Raman lattice is generated by the use of the intercombination λ 0 = 2π/k 0 = 556 nm transition of 173 Yb atoms, blue-detuned by ∼1 GHz from the
) transition. The lattice potential produced by counterpropagating lights, being linearly-polarized along the z direction, forms a spin-dependent po-
and
28 . The effective Rabi frequencies Ω 1x σ,F and the single-photon detunings ∆ F are determined from all relevant transitions to the excited F = ( 
where δ 0 is the on-site energy difference in the spin-dependent lattice 23 .
Symmetry in an optical Raman lattice To investigate a new SPT phase in experiment, it is crucial to test that the system has a mirror symmetric optical Raman lattice and a Zeeman term m is parallel to the mirror plane, leading to a magnetic group symmetry. In the experiment, the two-photon detuning δ sets a nonzero m z , but a finite m x term may be generated when the Raman potential M(x) breaks a mirror symmetry of the lattice and thus induces on-site spin-flipping (see a supplementary note). When the Raman beam E 1z is not perfectly along the z direction with the wave vectork = k 0 e z + k ⊥,x e x + k ⊥,y e y , the Raman potential has an additional phase factor
x , therefore breaking a mirror symmetry unless k ⊥,x is close to zero.
We begin with spin-polarized m F = 5/2 fermions followed by a brief pulse of the optical Raman lattice beams, and then examine the wave number k ⊥,x of the Raman beam E 1z . After 
and m is the mass of ytterbium atom, are turned on. In the experiment, the spin-resolved time-of-flight (TOF) imaging is taken after all the laser beams are suddenly switched off, followed by spin-sensitive blast lights 28 .
The crucial feature of SPT phases is the non-trivial spin texture within the FBZ. Fig. 4a shows measured spin textures
) within the FBZ re-constructed from the integrated momentum distribution along thex-directional for different values of the two-photon detuning. As the two-photon detuning δ is scanned from the negative to positive value, the overall spin polarization of the lowest s-band gradually changes from | ↑ (red)
to | ↓ (blue). However when the Raman transition resonantly couples the two lowest s-band corresponding to | ↑ and | ↓ respectively, the spin polarization changes from one to the other within the FBZ as shown in Fig. 4b . Finally we use the connection between the Z 2 invariant and the P (Γ, M ), and determine (−1)
P (q )dq that takes into account the optical resolution of the imaging system 22 . Fig. 4d shows the emergence of SPT phases (ν = 1) out of trivial phases (ν = 0).
The spin-dependent lattice shifts the topological regime due to the on-site energy difference, and furthermore the finite temperature effect reduces the topological regime in good agreement with the prediction (indicated by shaded region in Fig. 4d ).
Adiabatic control of the band topology In a second set of experiment, we highlight the adiabatic preparation of the topological phase starting from the trivial regime and vice versa. In the experiment, a topological phase is adiabatically prepared at δ = 0.8(3)E r as described in the previous experiment and subsequently the two-photon detuning δ is linearly ramped to the final value of δ = −2.1(3)E r where the trivial phase is expected in equilibrium ( 
Topology-dependent spin relaxation after quench
Having known spin textures in equilibrium and their topological invariants, we now turn our attention to the far-from-equilibrium spin dynamics after the quench between the trivial and the topological regime. Using dynamic control of the Hamiltonian, we in particular consider a bidirectional quench between the topological regime (δ =0.8(3)E r ) and spin-| ↑ trivial regime Fig. 5a ), the q x -dependent effective magnetic (spin-orbit) field leads to spin-wave-like collective dynamics with spin relaxation to the final state. This is in sharp contrast to the case that the system is quenched to the trivial phase where the spin is averagely polarized to z direction, and the dominant spin dynamics shows monotonous relaxation (Fig. 5b ). It can be seen that the collective oscillation exhibits a frequency larger than the trapping frequency. This is because the trapping-induced intraband transition can have an energy detuning between Bloch states at different momenta, which enhances the collective oscillation frequency 23 . The observed topology-dependent spin dynamics shows a quite good agreement with numerical calculations taking into accounts the trap geometry, the finite temperature effect and the dissipation process (Fig. 5c,d ). The spin relaxation dynamics clearly reflect the topological property of the phase after quench.
Discussion and Conclusion
The novel SPT phase we uncovered here highlights the great capabilities to realize and explore new topological states with ultracold atoms. In particular, the study may open the way to observing all SPT phases of 1D in the AZ classification S3 , including the chiral topological phase of AIII class which can be readily achieved by considering spin-independent rather than spin-dependent optical lattice in Eq. (1) S1 , the BDI class and D classes of superfluids by adding attractive interactions 35 ,
and also the exotic phases protected by nonsymmorphic symmetries 36, 37 . Compared with the solid state materials whose complicated environment causes difficulty in general in engineering the symmetries, the full steerability of ultracold atoms can enable a precise study of broad classes of SPT phases, of which a most fascinating issue is to probe the reduction of topological classification of SPT phases from single particle to interacting regimes and has been extensively discussed in theory 24, 38, 39, S3 . Such important issue is very difficult to be investigated in solid state experiments due to the great challenges of realization, but is promising for ultracold atoms based on the current study with properly engineered interactions 40, S1 .
Further generalization of the present study to higher dimensional systems also offers the simulation of quantum phases beyond natural conditions. For example, 2D tunable Dirac semimetals driven by spin-orbit coupling can be readily achieved by applying the present scheme to 2D systems 41 , and are of particular interests since a spin-orbit coupled 2D Dirac semimetal is still not 
Here, α and β are both integers, and L denotes the lattice length. Then the eigenfunctions for the Hamiltonian with eigenvalue E n (q x ) can be expressed as
with A (n) α and B
(n) β the coefficients for the nth band. Using the relation Φ α σ |Φ ασ = δ α ,α δ σ ,σ (σ =↑, ↓), one can write the Hamiltonian in the matrix form and diagonalize H numerically. With the Bloch eigenstates obtained by exact diagonalization, the spin polarization of the nth band at Bloch momentum q x can be obtained byσ
When the lattice is spin-dependent, e.g. V ↑ = 2.5E r and V ↓ = 5E r , energy spectra of the lowest two subbands, mainly the upper one, may be hybridized with p-orbits, as illustrated in the insets of Fig. S1 .
Nevertheless, one can find that in a broad parameter region (∼ −0.5E r < δ < 3.0E r in Fig. S1 ) the effect of the p-orbital band is negligible, in which regime the two-band model well capture the low band physics.
Beyond this regime, the hybridization to p-orbital bands can be relevant.
The s-band model
Focusing on the s-band physics, one can write down the tight-binding model for the Raman lattice Hamiltonian as
where c jσ (c † jσ ) are the annihilation (creation) operators of s-orbit for spin σ =↑, ↓ at lattice site j, the atom number operator n jσ ≡ c † jσ c jσ , and the effective Zeeman term m z = δ/2 − ∆m z is tuned by two-photon detuning, with ∆m z being an onsite energy difference induced by spin-dependent lattice potential, i.e. .
The spin-conserved hopping couplings t ij σ , which are generically spin-dependent due to the spin-dependent lattice potentials, the spin-flip hopping coefficients t ij so , and the one-site term ∆m z are respectively obtained by
where φ (j)
sσ (x) being the Wannier functions for s-bands. Since φ
sσ (x − x j ) with x j = ja (a is the lattice constant) and the anti-symmetry of the Raman potential M(x) with respect to each lattice site, we have t ij σ = −t σ and t j,j±1 so = ±(−1) j t so , with
The staggered sign in the spin-flip hopping coefficients t j,j±1 so can be absorbed by a gauge transformation that c j↓ → −e iπx j /a c j↓ S1 . Further transforming the tight-binding model into the Bloch momentum space yields
where the spinor Ψ qx ≡ (c qx↑ , c qx↓ ) T , with c jσ = 1 √ N qx e iqxx j c qxσ and N being the number of lattice sites, and the Bloch Hamiltonian
Here we define t 0 ≡ (t ↑ + t ↓ )/2 and t 1 ≡ (t ↑ − t ↓ )/2. Note that for a most generic investigation, we can take into account a Zeeman term in the form m = (m x , m y , m z ), which represents the perturbations that may affect the symmetry of the Hamiltonian. We then have
Apart from the m z term, which is controlled by the two-photon detuning, the m x and m y terms can be, respectively, generated by Raman couplings
which induce only on-site spin flipping due to the symmetry of sin(k 0 x) with respect to each lattice site.
Thus we have
Symmetries
Before we solve the end states of the system, we analyze the symmetries of the Hamiltonian (S12). We study in the following two different situations.
First, we consider the case that the lattice potential is spin-independent, V latt ↑ = V latt ↓ , in which regime the unity matrix term in Eq. (S12) vanishes t 1 = 0, and one can easily see that the bulk energy spectra of the Hamiltonian is symmetric. When the Zeeman coupling points in the y − z plane, i.e. m x = 0, the Hamiltonian respects a chiral symmetry defined as the product of time-reversal symmetry T = iσ y K, with K being complex conjugate, and the particle-hole symmetry which in the sec-
and SH TB S −1 = H TB , while in the first quantization picture the chiral symmetry simply reads
and SH(q x )S −1 = −H(q x ) S1 . It is well known that this Hamiltonian belongs to the 1D AIII class in the AZ classification S2 , with the topology being characterized by the 1D winding number S1, S3 .
More generically, as studied in the present work, we consider the spin-dependent lattice and then t ↑ = t ↓ , which gives a nonzero unity matrix term with t 1 = 0 in the Hamiltonian (S12). In this case the usual locally defined chiral symmetry S is explicitly broken. Nevertheless, the novel hidden symmetries make the Hamiltonian be nontrivial. For convenience, we consider first the case with m = 0. In this case H( m = 0) satisfies a magnetic group symmetry defined as the product of time-reversal symmetry T = iσ y K and mirror symmetry M x = σ x R x , giving
with
Here R x denotes the spatial reflection along x axis. On the other hand, the Hamiltonian also satisfies a nonlocal chiral symmetry defined as
where
It is important that the above nonlocal chiral symmetry is fundamentally different from the usual locally defined counterpart, and it merely cannot protect nontrivial topology of the system. In the present generic case, the magnetic group symmetry is also necessary to reach the nontrivial topology phase. The midgap end states at left (|ψ L ) and right (|ψ R ) hand boundaries are transformed in the following way M x |ψ L/R = |ψ R/L and S|ψ L/R = |ψ R/L . This is because the both symmetries include the spatial reflection operator R x . Moreover, the commutation and anti-commutation relations of the two symmetries with H imply that the magnetic group (nonlocal chiral) symmetry connects two states with identical (opposite) energy, given that the two states are independent. For this |ψ L/R have to be zero energy, i.e. midgap states in the presence of both symmetries. This is the case for m along y axis. On the other hand, the m z σ z term keeps M x symmetry, hence protects the end state degeneracy, while m x σ x term breaks M x symmetry and splits out the degeneracy.
Mid-gap edge states
We consider the open boundary condition for the 1D lattice system, which are located at x = 0 and x = L, and show first the result for m = 0. The tight-binding Hamiltonian can be rewritten in the pseudospin-1/2 basis as
The gap states induced by hard-wall boundary are exponentially localized around x = 0, L with the wavefunctions taking the form of ansatz
where λ is a complex number, L is the normalization factor, and |ϕ L/R are two-component spinors. Since the above wavefunctions decay (or increase) with x j when |λ| < 1 (or |λ| > 1), the gap state localized on the left (right) boundary corresponds to a solution with |λ| < 1 (|λ| > 1). From H TB |ψ = E|ψ , it follows that
which gives the energies
Since E ± should lie inside the band gap, i.e. E ± (λ) < ∆ c holds for any infinitesimal t so , the zero energy solutions are supposed to be valid. By setting E ± (λ) = 0, we have the solutions
Since λ L < 1, the corresponding eigen-state represents the spinor of edge state on the left boundary
where t 2 ≡ t ↑ /t ↓ . The other solution λ R > 1 gives
Due to the hard-wall boundary condition, i.e. |ψ L (x j = 0) = 0 and |ψ R (x j = L) = 0, the zero-energy (mid-gap) edge states should be superposition of the λ
We further consider the effect of m y σ y term on the edge states. Supposing the ansatz in Eq. (S20) is still applicable, we have the following eigenvalue equation
with A given in Eq. (S19). Due to the hard-wall boundary condition, there must be two different numbers λ 1,2 giving the same energy E(λ 1 ) = E(λ 2 ) and also the same spinor state [h(λ 1,2 ) − E] |ϕ = 0 for each edge state, so that edge states can take similar forms to Eqs. (S27-S28). The eigenvalue equation gives
Thus we have the following two equations (
which lead to (t 0 + t 1 )(λ 1 + λ
It is obvious that E = 0 is the valid solution. Therefore, we have demonstrated that perturbation like m y σ y do not change the zero energy of the two edge states and preserve both the mirror symmetry and nonlocal chiral symmetry. On the other hand, from the solutions (S25) and (S26) one can see that the end states are both polarized to +z (or −z) direction if |t 2 | < 1 (or |t 2 | > 1), while are oppositely polarized along x direction. Thus the Zeeman perturbation term m z σ z still keeps the degeneracy of the end states, while m x σ x splits out the degeneracy, consistent with the symmetry analysis given in the previous section.
When the s-band approximation is valid, the original 1D Raman lattice Hamiltonian H [Eq.
(1) in the main text] without Zeeman coupling tem gives two mid-gap end states under the open boundary condition (Fig. S2) . Exact full band diagonalization in the real space are used to calculate all the eigenvalues. The open boundary condition is constructed in the way that at the end of lattice two finite barriers are added with the same height as the lattice (see Fig. S2 ). One can also construct the boundary by adding a large Zeeman term along y axis at the end of the lattice. We can further examine the effect of the Zeeman perturbation field m · σ by tuning the two-photon detuning δ to induce m z or adding on-site Raman couplings to generate m x,y , as given in Eq. (S13).
Quench dynamics
To consider the dynamics of generally mixed states after a sudden quench, we deal with the time- Regardless of the dissipation, the time evolution is unitary
where the evolution operator U (t) = e −i[H(δ f )+Vtrap]t with the harmonic trap V trap = 1 2 mω x x 2 . There are two mechanisms governing the quench dynamics: (1) Nonequilibrium population after a quench causes interband oscillations at individual momenta in the first Briliouin zone (FBZ), which can be regarded as the precessional motion for each momentum-linked spin. (2) The external trapping potential induces intraband coupling between Bloch states at different momenta. To be specific, we first consider the sudden quench from trivial to topological regime. To capture the key physics in the theory, we assume that the dynamics are dominated by quantum states of the lowest two subbands before and after the quench (note that the numerical simulation is however based on full band study). One can then approximate the effective Hamiltonian for quench dynamics as
where the quantum number n 0 labels the lowest band and B x,z (q x ) are the components of the effective momentum-dependent magnetic field. The spin texture (e.g. the third row in Fig. 1c of the main text) implies that the post-quench Hamiltonian H(δ f ) assumes a rapidly varying magnetic field if δ f enters the topological regime. In the trivial regime one has that B z (q x ) > 0 (or B z (q x ) < 0) for the entire FBZ, rendering an averagely z directional magnetic field. In contrast, the effective magnetic field B winds over all direction in x−z plane in the topological phase. In particular, at the Γ and M points B z (0) and B z (π) are opposite. This feature has crucial effect on the quench dynamics induced by the trapping driven intraband transitions. Specifically, the trapping potential correlates the spins and induces spin-wave-like collective oscillation, with the oscillation period being determined by the trapping frequency ω x (Fig. S3a) . Note that the oscillation frequency in Fig. S3a is a bit larger than ω x , which can be explained as the consequence of off-resonance in the intraband coupling induced by trapping potential. The oscillation frequency can be estimated as ω 2 x + ∆E 2 , where ∆E denote the energy difference between the Γ and M points. On the other hand, the quench from topologically nontrivial to trivial regime, however, results in different dynamical behaviors, since the post-quench magnetic field is nearly uniform in the FBZ and collective dynamics is negligible. The crucial role of the post-quench band topology (effective magnetic field) can be reflected by the big difference between the dynamical behavior caused by a quench from δ i = 1E r to δ f = 2.5E r (Fig. 2b in the main text) and the one due to a converse quench process (Fig. S3c) .
In our calculations, the initial state is given by ρ(0) = n p n |n n|. Here, |n are the eigenstates of H(δ i ) + V trap , with p n being the corresponding occupation probability, which is determined by Fermi-Dirac statistics. At zero temperature, we set p n = Θ(µ − E n ). Here, Θ(·) denotes the unit step function and the chemical potential (Fermi energy) µ is assumed just above the maximum energy of the lowest band. Note that the "lowest band" of the Hamiltonian H(δ i ) + V trap which has trapping potential actually refers to the corresponding energy band excluding the trap, for which a proper chemical potential µ can be chosen. For instance, in the case with δ i = −2E r and δ f = 1E r [ Fig. 2(a,c) in the main text and Fig. S3(a-b) ], we set the chemical potential µ = 0.3E r . At finite temperature, for comparison, we set the same chemical potential µ as at T = 0. It can be shown that temperature tends to smooth down the oscillations (Fig. S3b ), but at low enough T , the dynamical behaviors still have similar characteristics to the zero-temperature case . 
In our calculations, dephasing and decay are, respectively, considered in the quench dynamics from trivial to topological regime and the other way round. In the latter case, the spin polarization can approach gradually the post-quench spin texture by relaxation at different rates that depend on the environment (Fig. S3d) .
1D Optical lattice and periodic Raman coupling potential
A spin-dependent optical lattice potential is created by an incident light and its reflected light from a mirror
, where E 1x is the amplitude of the field,
is the optical phase of the incident (retro-reflected) light at the position of atoms, and φ 0 = (ϕ 1x − ϕ 1x )/2. The electric field of the Raman and the lift beam are plane-wave fields along z direction,
In the diagram of energy levels shown in Fig. S4 , due to the single photon detuning of the light in the same order of the hyperfine splitting of related 173 Yb excited states, the potentials are taken into account all the three transitions from |F = 5/2 to |F = 3/2 , |F = 5/2 , and |F = 7/2 in 6s 2 1 S 0 → 6s6p 3 P 1 .
Therefore the lattice trap depth for |↑ ≡ |F = 5/2, m F = 5/2 and |↓ ≡ |F = 5/2, m F = 3/2 are given as,
where ∆ F and Ω 1x σ,F are the single photon detuning and the Rabi frequency respectively for the transition from |σ to |F with σ = {↑, ↓}. The Rabi frequency Ω 1x σ,F is determined by σ|ez|F , m F e z · E 1x / and only m F = m F is considered here according to the selection rule. Similarly, the later Rabi frequency for σ + transition Raman light and σ − transition lift light are only considered correspondingly m F = m F + 1 and m F = m F − 1. The spin-dependent lattice potential therefore reads, V latt σ (x) = V σ cos 2 (k 0 x + φ 0 ) where the spin-dependent lattice depth is
Similarly, the energy shift by a lift beam U lift σ is,
Here the frequency difference between lift beam and Raman lattice beam is omitted, as it is much smaller than ∆ F . The Raman coupling potential are driven by the light E x and E 1z . Considering all the transitions, we obtain the Raman potential,
where the amplitude of Raman potential becomes,
Since the quantum dynamics along x direction is decoupled to other directions, we set z = 0 for the irrelevant phase e ik 0 z and gauge out the phase e i(ϕ 1z −ϕ 1x /2−ϕ 1x /2) . Furthermore we can set φ 0 = 0 by redefining the origin of the coordinate. Therefore, the final effective Hamiltonian reads,
without loss of generality. Here δ is the two-photon detuning of the Raman process.
Three-level model
In experiments, we exploit the F = 5/2 manifold hyperfine levels of 173 Yb and construct an effective two-level system consisting of the states |F = 5/2, m F = 5/2 and |F = 5/2, m F = 3/2 (Fig. ??) by separating other unwanted hyperfine levels away by AC Stark shifts. However, the existence of redundant states will more or less modify the observations. Hence, we consider a three-level system with one more level |F = 5/2, m F = 1/2 and expect the calculations to be more agreeable with experimental measurements.
By calculating the Clebsch-Gordan (CG) coefficients, we have the three-level Hamiltonian
where 1 3 is the 3-by-3 unit matrix, the lattice depth V 3/2 = 3.84V 5/2 and V 1/2 = 5.28V 5/2 , Raman coupling strength M 0 = 1.036M 0 , and ε denotes the quadratic Zeeman shift, which is set to be 1.72E r here.
The pre-quench occupation for each eigenstate of H 3l +V trap (r), where V trap (r) = i=x,y,z Based on the three-level Hamiltonian H 3l , we calculate the spin polarizations varying with the detuning δ at temperature T 100nK (the inset of Fig. 4) . The implied topological regime agrees with the experimental measurements in Fig. 4 of the main text.
Calibration of the optical Raman lattice
The effective Rabi coupling Ω eff between |↑ and |↓ states is calibrated by monitoring the spin dynamics when a brief pulse of the incident lattice light and the Raman beam is switched onto a spin-polarized gas. As shown in Fig. S4 , the total spin imbalance, defined as (N ↑ − N ↓ )/(N ↑ + N ↓ ), exhibits a damped oscillation when a nonuniform spin-orbit gap is opened, which is the consequence of momentum-dependent spin-orbit coupling in the system. The strength of Raman coupling M 0 in the optical Raman lattice is then given by
Next the depth of the optical lattice is independently calibrated by means of the in-situ amplitudemodulation spectroscopy that probes the energy gap between the first and the third lowest-energy bands. To avoid spin-dependent lattice effect and the interaction-induced shift, a degenerate spin-polarized |m F = In the adiabatic control between the topological and trivial regimes, we linearly ramp the m z from 0.5E r (topological regime) to −1Er (red trivial regime) within 6 ms and then tune it back to 0.5E r , followed by the detection of the spin texture during the ramp; (III) In the measurement of quench dynamics , two photon detuning is suddenly switched from the initial (δ = 0.8E r corresponding to the topological phase) to the final value (δ = −2.1E r corresponding to the trivial phase) and vice versa (see Fig. S5 ). Finally, blast pulses are applied and absorption images are taken after 6 ms time-of-flight expansion.
Spin sensitive time-of-flight imaging
To obtain a time-of-flight image sensitive to the spin state, we apply a 556 nm blast pulses resonant to 1 S 0 → 3 P 1 (F = 7/2) transition before the time-of-flight expansion. Using a 399 nm light resonant to respectively. We integrate the whole atomic cloud along k z direction and obtain the atomic profile in the k x momentum domain as described in Fig. S6 . . In all the cases the trapping frequency reads ω x = (2π)300Hz, the optical Raman lattice potentials V ↑ = 2.5E r , V ↓ = 5E r , and M 0 = 1.0E r . a-b, Quench dynamics for spin polarizations at Γ and M points at zero temperature and without dissipation. In c, quench spin dynamics from trivial to topological regime at the temperature T = 50nK, with the noise-induced dephasing rate γ = 0.005; in d, quench spin dynamics from topological to trivial at T = 130nK, with dissipation rate taken as γ = 0 (dash-dotted lines) and γ = 0.05 (solid lines), respectively. Figure S3 Quench dynamics under various conditions. a, The time-evolution of spin polarizations at the Γ point with different trapping frequencies after a quench from δ i = −2E r (trivial) to δ f = 1E r (topological). The trapping frequency governs the period of collective oscillation. b, The spin dynamics at different temperature with δ i = −2E r and δ f = 1E r . Temperature tends to smooth down the oscillation and spin polarization. c, The quench dynamics from δ i = 2.5E r (trivial) to δ f = 1E r (topological) shows a clearly different behavior compared to the converse quench process from δ i = 1E r to δ f = 2.5E r (see d or Fig. 2b in the main text) . d, The spin dynamics at the Γ point after a quench from δ i = 1E r to δ f = 2.5E r with different decay rates at T = 130nK. In (b-d), the trapping frequency is set at ω x = (2π)300Hz. The quantum spin dynamics show sharp difference in quenching to topological and trivial phases. In all the cases, we have considered here V ↑ = 1E r , V ↓ = 4E r and M 0 = 1E r . Figure S5 Experimental sequences. After evaporative cooling, we first inearly ramp up lift beam within 3 ms and adiabatically load atoms into the Raman lattice within 10 ms followed by 2 ms hold. In the stage of manipulation, we carry out three measurements via controlling the two photon detuning δ (or m z ), including (I) the measurement of the Z 2 invariants, (II) adiabatic control of band topology, (IV) the far-from-equilibrium spin dynamics after quench between topologically distinct phases. The adiabaticity of the δ-sweep as shown in the inset of Figure 4e is investigated with the sequence (III). A blast pulse is applied before the time-of-flight expansion, followed by the absorption imaging. states respectively, and their atomic profiles integrated along the k z direction . b, From the the momentum distribution along the k x direction, we plot the spin-polarization at k x , (n ↑ (k x ) − n ↓ (k x ))/(n ↑ (k x ) + n ↓ (k x )) as a function of the two-photon detuning δ. In the topological regime, the | ↓ -dominated regime (blue) coexists together with | ↑ -dominated regime (red) in the momentum distribution obtained from time-of-flight expansion. The data represent the average of twenty measurements.
